The circadian protein Nocturnin (NOCT) belongs to the exonuclease, endonuclease and phosphatase superfamily and is most similar to the CCR4-class of deadenylases that degrade the poly-adenosine tails of mRNAs. NOCT-deficient mice are resistant to highfat diet induced weight gain, and exhibit dysregulation of bone formation. However, the mechanisms by which NOCT regulates these processes remain to be determined. Here, we describe a pair of highresolution crystal structures of the human NOCT catalytic domain. The active site of NOCT is highly conserved with other exoribonucleases, and when directed to a transcript in cells, NOCT can reduce translation and abundance of that mRNA in a manner dependent on key active site residues. In contrast to the related deadenylase CNOT6L, purified recombinant NOCT lacks in vitro ribonuclease activity, suggesting that unidentified factors are necessary for enzymatic activity. We also find the ability of NOCT to repress reporter mRNAs in cells depends upon the 3 end of the mRNA, as reporters terminating with a 3 MALAT1 structure cannot be repressed by NOCT. Together, these data demonstrate that NOCT is an exoribonuclease that can degrade mRNAs to inhibit protein expression, suggesting a molecular mechanism for its regulatory role in lipid metabolism and bone development.
INTRODUCTION
Messenger RNA (mRNA) degradation plays a fundamental role in regulating gene expression in diverse biological contexts (1) . Characterizing the pathways and proteins involved in RNA decay and discerning their regulatory activities are crucial for understanding translational control. A key early step in degradation of many mRNAs is deadenylation, the enzymatic removal of the 3 polyadenosine (poly(A)) tail, which is catalyzed by deadenylases (2) . The poly(A) tail promotes translation and stabilizes mRNA transcripts by binding the Poly(A) Binding Protein (PABP). Deadenylation reduces translation and promotes subsequent mRNA degradation. Once the tail is sufficiently shortened, the transcript can be rapidly destroyed by either of two pathways: (i) 3 -5 decay catalyzed by exoribonucleases such as the exosome complex or (ii) decay in the 5 -3 direction by exoribonucleases such as XRN1 following removal of the 5 7-methyl guanosine cap by decapping enzymes (3, 4) . The rates of deadenylation and decay vary considerably by transcript and can change in response to stimuli, stress or developmental programs, indicative of the importance of these processes in gene regulation (1, 2) .
Multiple deadenylases have been identified in eukaryotes and are classified into two families: CCR4-like and POP2-like. The CCR4 family shares a catalytic domain that is related to a superfamily of exonucleases, endonucleases and phosphatases (EEP). These deadenylases include the founding member, yeast CCR4, the human CCR4 orthologs CNOT6 and CNOT6L, and the divergent PDE12 enzyme, for which structures were recently reported (5, 6) . POP2 family members are related to the DEDD family of RNases, named for the active site aspartate and glutamatecontaining motif conserved among family members, including POP2, PARN and PAN2 (7) (8) (9) . Though unrelated in sequence and structure, these CCR4-like and POP2-like families share the characteristics of being hydrolytic 3 -5 exoribonuclease enzymes with a general preference for poly(A) substrates and requiring divalent magnesium ions (2) .
The presence of multiple deadenylases in eukaryotes suggests that these enzymes have overlapping functions; how-ever, in certain contexts, individual deadenylases participate in the post-transcriptional regulation of unique sets of mRNAs. Deadenylases also have unique intracellular localization patterns (e.g. PDE12 is located in mitochondria and PARN is predominantly nuclear) (10, 11) . Moreover, genetic analysis of several deadenylases has revealed specific phenotypes, indicating that these enzymes can serve unique regulatory roles (12) (13) (14) (15) (16) (17) (18) (19) (20) . A remaining challenge for the deadenylase field is to characterize the catalytic activities and substrate specificities of these enzymes and determine the mechanisms that control their regulatory functions. Compelling evidence supports the hypothesis that specific deadenylases are directed to specific target mRNAs by sequencespecific RNA-binding factors, including RNA-binding proteins and microRNAs (21) (22) (23) (24) .
In this study, we focus on human Nocturnin (NOCT), a protein containing an EEP domain that is most similar to CCR4 deadenylases (18% amino acid sequence identity and 33% sequence similarity with human CNOT6L). NOCT is widely conserved, with orthologs present from insects to mammals (13, 16, 25, 26) . Xenopus and mouse orthologs displayed weak deadenylase activity in in vitro assays using partially purified recombinant protein; however, characterization of the molecular function of NOCT remains incomplete (13, 27) . These findings suggested that NOCT may regulate mRNA stability and translation, although direct action of NOCT on target mRNAs has yet to be demonstrated in vivo and much remains to be learned about NOCT's structure, function and enzymatic activities. In particular, natural NOCT substrates remain unknown, and NOCT's regulatory effects on mRNAs in vivo remain unclear.
The potential importance of NOCT in controlling gene regulation is emphasized by the biological functions that it affects. NOCT was first identified as a transcript whose expression oscillates with circadian rhythms in the retina of Xenopus laevis, and subsequent analysis in mice showed NOCT is widely expressed and oscillates in multiple tissues (13, 19, 28) . Major insights into NOCT's physiological functions were obtained through phenotypic analysis of NOCT knockout mice, which have normal circadian phenotypes but exhibit metabolic defects (16) . These data suggest that NOCT expression is a downstream output of circadian gene expression, and not a master regulator of the circadian regulatory pathway. Strikingly, Noct −/− mice are resistant to obesity and hepatic steatosis when fed a high-fat diet, whereas wild-type (WT) mice become obese (16) . Further studies suggested that NOCT is essential for the regulation of lipid trafficking across the intestinal epithelium, as Noct −/− mice exhibited reduced levels of circulating triglycerides and increased accumulation of lipid droplets in intestinal enterocytes (29) .
Characterization of NOCT function has also implied that the enzyme plays a regulatory role in adipogenesis and osteoblastogenesis. Noct −/− mice exhibit increased bone density and reduced adiposity, including in bone marrow. In the pre-adipocyte 3T3-L1 cell line, overexpression of NOCT enhanced adipogenesis when the cells were cultured in adipogenic media. Conversely, depletion of NOCT in 3T3-L1 cells reduced their adipogenic potential (30, 31) . Together, these results indicate a role for NOCT in promoting lipid uptake, trafficking and adipogenesis, potentially through mechanisms involving post-transcriptional control of gene expression. However, the potential role of NOCT ribonuclease activity and the target mRNAs that it may regulate remain unknown.
To better understand NOCT's role in regulating fat metabolism and developmental processes, we sought to characterize its structure, biochemical functions, enzymatic activity and regulatory effects on mRNAs in cells. Here, we report the first crystal structure of the catalytic domain of human NOCT determined to 1.48Å resolution, illustrating its strong structural homology to other CCR4-related EEP deadenylases. We devised cell-based assays to measure the effect of NOCT on reporter mRNAs. Using these assays, we assessed the contributions of the conserved active site residues to NOCT-mediated repression of a reporter mRNA, finding that residues in the NOCT active site contribute in part to its repressive activity. Furthermore, we use reporter mRNAs with varying 3 end structures in our functional assays to demonstrate that NOCT repression activity is dependent on the accessibility of the 3 end. Our findings provide new insight into the catalytic activity of human NOCT, providing a basis for characterization of the mechanism by which NOCT regulates mRNA targets to control lipid metabolism, body mass and skeletal development.
MATERIALS AND METHODS

Protein expression and purification
Strep(II)-Sumo-Nocturnin 120-431 was expressed in a Strep(II) pSumo vector in BL21 Rosetta2 (DE3) Escherichia coli cells(MilliporeSigma) grown in 2xYT medium (Fisher Scientific) overnight at 18
• C. Cells were lysed in 50 mM phosphate buffer (pH 7.5), 150 mM NaCl, 1 mM MgCl 2 and 10% glycerol. Buffer was supplemented with 0.5 g lysozyme in 35 ml of lysate, Thermo Scientific Halt Protease Inhibitor Cocktail (0.5×), NEB Micrococcal Nuclease (100U) and 5.0 mM CaCl 2 . Lysate was incubated in the supplemented lysis buffer for 90 min at 4
• C and then sonicated. Clarified lysate was purified using Strep-Tactin Superflow Plus resin (Qiagen) in 50 mM phosphate buffer (pH 7.5), 300 mM NaCl, 1 mM MgCl 2 and 10% glycerol and eluted with 2.5 mM desthiobiotin. The Strep (II) tag was cleaved overnight at 4
• C with Ulp-1 Sumo protease and NOCT was then purified further using Q Sepharose Fast Flow resin (GE Healthcare) in 10 mM phosphate buffer (pH 7.5), 20 mM NaCl, 1 mM MgCl 2 , 10% glycerol and 5 mM ␤ME, and eluted with a 20 mM to 1.0 M NaCl gradient. The protein used to produce the 2.41Å crystal structure was subsequently purified using a Superdex 75 gel filtration column (GE Healthcare) in 50 mM Tris (pH 8.0), 50 mM Na 2 SO 4 , 1 mM MgCl 2 , 5% glycerol and 1 mM TCEP. Similarly, the protein used to produce the 1.48Å crystal structure was subsequently purified in 50 mM Tris (pH 8.0), 75 mM Na 2 SO 4 , 4 mM MgCl 2 , 10% glycerol and 1 mM TCEP.
For biochemical assays, Strep(II)-Sumo-NOCT , Strep(II)-Sumo-mNOCT , Strep(II)-Sumo-CNOT6L and Strep(II)-Sumo-CNOT6L 158-555 E240A were expressed using a Strep(II) pSumo vector in BL21 STAR (DE3) E. coli cells (ThermoFisher) expressing the pRare2 plasmid (MilliporeSigma) and purified as described above, with the addition of a 1.0 M NaCl wash (50 mM phosphate buffer (pH 7.5), 1.0 M NaCl, 1 mM MgCl 2 and 10% glycerol) after the addition of lysate onto the Strep-Tactin Superflow Plus resin. The single step-purified mNOCT was concentrated and stored after the Strep-Tactin purification step. For all other proteins, the purifications were completed as described above. The ion exchange step was performed using Source 15Q resin (GE Healthcare) and the CNOT6L WT and E240A mutant proteins were purified in the phosphate and Tris buffers at pH 8.0.
Protein crystallization and structure determination
NOCT crystals were obtained using the hanging-drop vapor diffusion method. For the 2.41Å resolution structure, a final concentration of 25 mM AMP and 10 mM MgCl 2 was added to NOCT 120-431 solutions before protein was concentrated to 9 mg/ml. Concentrated protein and well solution were combined at a 1:1 ratio. Crystals were obtained in a well solution of 100 mM HEPES buffer (pH 7.5), 5% isopropanol, 200 mM sodium acetate and 10% PEG 4000. For the 1.48Å resolution structure, NOCT 120-431 solutions at 8 mg/ml were prepared as described above with 10 mM 3 , 5 adenosine diphosphate and 6.0 mM MgCl 2 . Concentrated protein, well solution and distilled water were combined at a 1:1:1 ratio. Crystals were obtained in 100 mM Tris (pH 8.5), 100 mM MgCl 2 , 100 mM sodium citrate and 14% PEG 4000. Diffraction data were collected at the LS-CAT beamline 21 ID-G at the Advanced Photon Source at Argonne National Laboratories. Data were indexed, integrated and scaled using HKL-2000 (32) . Both structures were solved by molecular replacement (MR) using Phenix and a previously determined structure of NOCT 120-431 as the search template. The initial NOCT structure was determined by MR utilizing a homology model of the enzyme as a search model, which was generated using I-TASSER and the crystal structure of CNOT6L (PDB ID: 3NGQ) as the template (data not shown) (5, 33) . Autobuilding in Phenix was followed with iterative rounds of refinement using Phenix Refine and model building using Coot (Supplementary Table S1) (34) . The presence of one or two metal ions in the active sites of these structures was determined by generating an omit Fo-Fc map lacking Mg 2+ ions and coordinated waters and contouring the map to 5. Here, we confirmed strong positive density peaks associated with the Mg 2+ ions bound in the active site. Although crystallization was conducted in the presence of AMP and 3 , 5 adenosine diphosphate, respectively, electron density corresponding to these nucleotides was not observed in the structures. X-ray data collection and refinement statistics are reported in Supplementary Table S1 .
Surface electrostatic potentials were calculated using the APBS Tools 2.1 Plugin for MacPyMOLx11Hybrid. PDB2PQR was used to generate input files using AMBER charges (ff99) and radii, excluding both the bound Mg 2+ and solvation shell during analysis (35) (36) (37) . The surface potential was contoured to ±3 kT/e for NOCT (1.48Å resolution dataset), PDE12 (PDB ID: 4Z0V) and CNOT6L (3NGQ). The surface rendering of NOCT colored by conservation was generated using the ConSurf server (http: //consurf.tau.ac.il/2016/) and the 1.48Å resolution dataset for the NOCT structure. HMMER was used for the homolog search algorithm and UniProt was used as the protein database. Minimal ID was set to 15% as NOCT has high structural but low sequence homology to the closely related human proteins CNOT6L and PDE12 (18 and 16% identical, respectively). The multiple sequence alignment was generated using MAFFT-L-INS-I (38-41).
Biochemical assays
Biochemical mRNA degradation reactions were performed in CNOT6L buffer (50 mM HEPES (pH 7.4), 150 mM NaCl, 10% glycerol, 2.0 mM MgCl 2 and 1.0 mM dithiothreitol (DTT)). NOCT , CNOT6L 158-555 or CNOT6L 158-555 E240A (1 M) were mixed with 10 nM 5 Cy3 labeled p(A) 20 (Dharmacon), and RNasin RNase A inhibitor (Promega) and incubated over a 30-min time course at 37
• C. In addition, biochemical assays were performed in the assay buffers described by Baggs and Green and in Garbarino-Pico et al. (13, 27, 42) . Briefly, mRNA degradation assays were performed in (i) xNOCT buffer (5 mM HEPES (pH 7.5), 2.0 mM MgCl 2 , 0.5 mM DTT, 10% glycerol, 0.2 mg/ml bovine serum albumin, 0.02% (v/v) NP-40 and 0.3% (w/v) spermidine); and (ii) mNOCT buffer (50 mM HEPES (pH 8.0), 0.01 mM Mg(OAc) 2 and 20 mM KOAc). NOCT , mNOCT , CNOT6L or CNOT6L 158-555 E240A (1 M) were mixed with 10 nM 5 Cy3 labeled p(A) 20 (Dharmacon), and RNasin RNase A inhibitor (Promega) and incubated over a 30-min time course at 37
• C. Reaction products were resolved on a 15% polyacrylamide sequencing gel and detected using a Typhoon Trio + (GE Healthcare).
To titrate the ionic strength or Mg 2+ concentrations, individual buffers were made with the indicated NaCl or MgCl 2 concentrations in the buffer described above. To test various divalent metals, NOCT 20 (Dharmacon) was held constant and unlabeled p(A) 19 (Dharmacon) was titrated into reactions at concentrations ranging from 0 nM to 10 M unlabeled RNA. To measure NOCT activity against a long mRNA substrate analog, RNA substrate template was generated by polymerase chain reaction (PCR) using primers listed in Supplementary Table S2 and a plasmid containing the Renilla Luciferase ORF. RNA substrate was produced using the HiScribe T7 High Yield RNA Synthesis Kit (NEB) and purified using an RNA Clean and Concentrator -25 Kit (Zymo Research). Reactions were incubated with the long RNA substrate and RNasin at 37
• C for a 30-min time course. As a positive control, RNase III (NEB) was incubated with the long substrate RNA in 1× NEB RNaseIII buffer at 37
• C for a 30-min time course. Products were resolved on a 2.5% agarose/ 1× MOPS (200 mM 3-N-Morpholino propanesulphonic acid, 50 mM NaOAc, 10 mM EDTA)/4% (v/v) formaldehyde denaturing gel and detected by ethidium bromide (EtBr) staining and UV detection on a Syngene Gene Genius Bio Imaging System. NOCT activity against ssDNA and dsDNA was tested using 5 FAM-labeled DNA 25-mers. The dsDNA substrate contained the ssDNA substrate forward strand sequence annealed to the reverse complement sequence (Supplementary Table S2 ). NOCT , Micrococcal Nuclease (NEB), or DNase I (Sigma) were incubated with ssDNA or dsDNA in assay buffer for 30 min and resolved on a polyacrylamide gel as described above.
Phosphatase activity assays against a panel of compounds (Supplementary Table S3 ) were conducted using 500 nM NOCT and 100 M of each phosphorylated compound incubated in 50 mM HEPES (pH 7.4), 150 mM NaCl, 10% glycerol, 2.0 mM MgCl 2 and 1.0 mM DTT for 30 min, and the resulting concentrations of phosphate were measured using a Malachite Green Assay (Cayman Chemical) with reactions performed in duplicate. To account for differences in the rate of phosphate production via spontaneous hydrolysis, each compound was tested in assay buffer lacking protein. Background phosphate production was then subtracted individually for each compound to account for non-enzymatic phosphate formation. Calf intestinal alkaline phosphatase (NEB) was used as a positive control.
Cell-based assays
HEK293 cells (ATCC) were cultured in DMEM with glucose, 10% (v/v) Fetal Bovine Serum (FBS), 100 U/ml penicillin, 100 U/ml streptomycin and 292 g/ml glutamine (penicillin/streptomycin/glutamine from Gibco), at 37
• C and 5% CO 2 . The full-length NOCT coding region was cloned into the pF5K vector (Promega) to express MS2-NOCT in HEK293 cells. All protein constructs contained a V5 epitope tag for western blot detection. As a negative control, HaloTag (HT) fused to MS2 coat protein in the pFN21A vector was used (Promega). Point mutations were generated using the oligonucleotide mediated site-directed mutagenesis method (Quikchange, Agilent). The reporter plasmid, pNLP 4xMS2BS p(A), was derived from the plasmid psiCheck1 (Promega) and contained the SV40 promoter driving NanoLuc Luciferase (NLuc) with a 3 UTR containing four stem-loop binding sites for phage MS2 coat protein. The NLuc 4xMS2BS p(A) and NLuc 4xMS2BS MALAT1 reporters contained either a minimal synthetic 3 cleavage and polyadenylation signal or a 3 MALAT1 triple helix, respectively. The Firefly Luciferase internal control plasmid was pGL4.13 (Promega).
For transfections, cells were plated at 600 000 cells per well in 6-well culturing plates. Twenty-four hours post plating, DNA was transfected into cells using a 3 l:1 g ratio of ViaFect (Promega) to DNA including 1.25 g of effector plasmid, 500 ng of Firefly plasmid and 1.25 g of the NLuc reporter plasmid. Forty-eight hours post-transfection, cells were harvested in 1× phosphate buffered saline (PBS) (pH 7.5). Cell suspensions were then plated into white-walled 96-well plates and assayed for luminescence using the NanoGlo Dual Luciferase Assay System and a GloMax Multi+ luminometer according to the manufacturer's instructions (Promega).
Tethered function assay data were analyzed using a hierarchical Bayesian model in order to account for the differences in variation between technical and biological replicates. The input data were the log 2 ratios of NLuc activity to that of the Firefly Luciferase internal control (ffLuc). We modeled the average value for each biological replicate as arising from a t-distribution centered on the overall average value prot for the particular protein variant of interest; a separately inferred average value for the ffLuc intensity on each particular day ( ffluc , day , shared across all proteins considered on that day) was applied as an additive offset to the day-wise values. The values for the technical replicates were further modeled with t-distributions centered on the appropriate daily average value prot,day -ffluc,day . The protein-wise scale parameters prot were modeled as arising from a common gamma distribution with uninformative hyperpriors, whereas the other scale parameters, and the degree of freedom parameters for the t distributions were simply assigned uninformative priors. We fitted the models using JAGS via the rjags interface, running four independent Monte Carlo chains for 250 000 iterations with 25 000 steps of burn-in; we ensured convergence by verifying that the Gelman-Rubin shrinkage statistic for all parameters of interest was <1.1 (43, 44) . Reported credible intervals were calculated using the highest posterior density approach with the R boa package; reported probabilities were calculated directly from the posterior distributions (45) . We performed separate fits for each reporter construct. The main topic of interest in all cases is the central log ratio value prot for each protein, which reflects the relative Luciferase level observed when that protein is present in the assay. We most frequently report the differences observed for the prot value of a protein of interest relative to either that of a HT negative control or of WT NOCT. All raw data, number of replicates, and statistics from the fitted models are also shown in Supplementary Table S4 .
Western blotting
Cells harvested from the transfected cells used in the tethered function assays were harvested in 1× PBS, pelleted, and resuspended in radioactive immunoprecipitation assay buffer (RIPA buffer, 50 mM Tris (pH 8.0), 150 mM NaCl, 1% (v/v) IGEPAL CA-630, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) sodium dodecyl sulphate) for lysis. Lysates were homogenized using QIAShredder Columns (Qiagen) and sample concentrations were determined using the BioRad DC Lowry assay. Each sample (8 g total protein) was resolved on 4-20% TGX gradient gels (BioRad) and then transferred to Millipore EMD Immobilon membrane. Transfected NOCT proteins were detected using anti-V5 antibody (Invitrogen, R960-25) and HT was detected using anti-HT antibody (Promega, G9211). Blots were probed using HRP-conjugated Secondary Antibody (Sigma, A1047) and Pierce ECL Western Blotting substrate before exposure to autoradiography film. As a loading control, Glyceraldehyde-3-phosphate dehydrogeNucleic Acids Research, 2018, Vol. 46, No. 12 6261 nase (GAPDH) was detected on the same blots using anti-GAPDH antibody (Ambion, AM4300).
Northern blotting
Cells, transfected as described in the cell-based assay method above, were harvested in 1× PBS and total cellular RNA was extracted using the ReliaPrep RNA Cell Miniprep System (Promega). For each experiment, triplicate RNA samples were pooled. RNA from each sample (3-5 g total RNA) was prepared for electrophoresis in 1× MOPS, 3.7% (v/v) formaldehyde, 25% (v/v) formamide, 5% (v/v) glycerol, 1 mM EDTA, 0.025% (w/v) bromophenol blue and 0.025% (w/v) xylene cyanol FF. Samples were resolved on a 1% MOPS agarose gel containing 4% formaldehyde before transfer to Millipore EMD Ny+ membrane using 20× Saline Sodium Citrate (SSC). The membrane was UV-crosslinked and prehybridized with Ultrahyb buffer (Invitrogen).
Antisense Northern probe templates for NLuc and Firefly were PCR-amplified with primers containing the T7 promoter sequence (Supplementary Table S2 ). Probes were transcribed using the MAXIscript T7 Transcription Kit (Ambion) with ␣P 32 UTP (20 Ci at 3 Ci/mmol) and cold UTP (8 M). Radiolabeled probes were purified using Sephadex G-25 resin (GE Healthcare). The final activity of the probes ranged from 1.3 × 10 6 -2.5 × 10 6 counts per million/g probe. Blots were probed overnight at 68
• C before washing with 2× SSC + 0.1% (w/v) sodium dodecyl sulphate (SDS) and then 0.1x SSC + 0.1% (w/v) SDS. Blots were exposed to phosphoimager screens for 3 days and then imaged using a Typhoon FLA 9500. Image Quant (GE Healthcare) was used to quantify the intensity of the bands for NLuc and Firefly for each sample. Background correction was performed using the rolling ball method with a radius set to 200 to determine the baseline before peak integration.
The quantitation data were analyzed using a Bayesian hierarchical model similar to that described above for the tethered function assays, using the log 2 ratio of NLuc to ffLuc peak areas as a key statistic for each sample. As before, we modeled the log 2 ratio values as arising from a tdistribution, centered on the difference between day-wise values for NLuc (independently inferred for each target) and ffLuc (shared for all targets on that day). All such tdistributions used shared values for the scale and degree of freedom parameters, using an uninformative prior for the scale and the Gamma(2,0.1) prior suggested for the degrees of freedom (46) . Day-wise means were, in turn, modeled as arising from a normal distribution centered on prot,day -ffluc,day with a shared variance parameter representing technical noise in the measurements themselves. The prior for the square root of the variance was set to be a Gamma(1,2) distribution, amounting to a weak assumption that the technical noise would make no more than 1-2 log 2 units of difference in the abundance measurements. The model was fitted in JAGS (43,47) using eight independent Monte Carlo chains, with 500 000 iterations per chain and a 25 000 step burn-in period and convergence assessed as described above. All data, number of replicates, and statistics are shown in Supplementary Table S4 .
RESULTS
Crystal structure of NOCT reveals a conserved structure, active site and basic cleft As the structure of NOCT had not been previously characterized, we sought to purify the protein and determine its crystal structure to gain insight into its molecular functions. Our attempts to purify the full-length human protein (residues 1-431) were hindered by its relative insolubility and degradation. We overcame this problem by truncating the N-terminus, which is predicted to be disordered (48) . Through optimization of expression and purification conditions, we successfully purified human NOCT 120-431 , encompassing the entire EEP domain and NOCT , which includes half of the N-terminus of the longest annotated form of NOCT. During the course of optimization, we found that bacterial nucleic acid and ribonuclease contaminants co-purified with NOCT, a common issue that can lead to mischaracterization of ribonuclease activity (49) . Consequently, we utilized a number of strategies to eliminate contaminants, including the use of a commercial E. coli strain with a mutation in the RNaseE gene that diminishes ribonuclease activity, and implementation of a multistep purification scheme that included affinity, ion exchange and gel filtration chromatography coupled with stringent, highsalt washing conditions. Through these efforts, we obtained highly purified recombinant NOCT (Supplementary Figure  S1) .
We then determined crystal structures of the human NOCT catalytic domain (residues 120-431) in two different space groups to 2.41Å and 1.48Å resolution (Supplementary Table S1 and Figure 1A) . The NOCT catalytic domain adopts the overall structure of an ␣/␤-sandwich (Figure 1A and B) . The core of the domain comprises two antiparallel ␤ sheet that face one another, with one sheet formed by ␤4-␤5-␤3-␤2-␤15-␤14 and ␤1 strands and the other composed of ␤6-␤7-␤8-␤9-␤13 and ␤10 strands. Several ␣ and 3 10 helices surround the two central ␤ sheets, effectively burying a substantial portion of the ␤ sheet core. An unusual helix immediately precedes ␣3 (Supplementary Figure S2) . This helix contains Pro205, which disrupts the canonical i, i+4 hydrogen bonding pattern observed in ␣-helices. The helix is surface exposed and could potentially serve a functional role, as has been described for other proteins (50, 51) .
The predicted active site of NOCT possesses residues that are highly conserved in NOCT and other CCR4 family members, including residues Asn149 on ␤2, Glu195 on ␤5, His286 on ␤8, Asp324 on ␤9 and Asp377 on ␤13 (Figure 1C and D). The remaining active site residues include His414, located in the ␤15-3 10 5 loop and Asn326 in the ␤9-␣4 loop. The crystal structure of NOCT reveals two variations of the bound ligands in the active site of the enzyme. In the 2.41 A resolution structure, two Mg 2+ ions occupy the active site and are directly coordinated via an octahedral geometry to Glu195 (Mg 2 ), respectively, with water molecules occupying the remaining metal coordination sites ( Figure 1C and Supplementary Figure S3A) . In the 1.48Å resolution structure, only a single Mg 2+ ion is bound in the active site and is directly coordinated by Glu195 ( Figure 1D and Supplementary Figure S3A) . We aligned the two structures of the NOCT catalytic domain (RMSD of 0.268Å over 1619 atoms) and found no changes in conformation overall or locally in the active site (Supplementary Figure S3B and C). Correlating with the observation of different Mg 2+ ion occupancy, crystal structures of the related CCR4-family enzymes human CNOT6L and human PDE12 have been reported with one or two Mg 2+ ions bound in their respective active sites (5,6). The overall architecture of NOCT is most similar to the catalytic domains of the CNOT6L (RMSD 1.154Å over 1203 atoms for all atoms) and PDE12 (RMSD 1.170Å over 1122 atoms for all atoms), in addition to the arrangement and identity of the active site residues (Supplementary Figure S3D) . For comparison, an alignment with apurinic/apyrimidinic endonuclease-1 (APE1; RMSD 8.692Å over 1032 atoms for all atoms), a more distantly related EEP family member, is shown (Supplementary Figure S3D) .
We examined the electrostatic surface of NOCT, finding a pronounced basic patch ∼13Å long and 7.5Å wide along the surfaces adjacent to the putative active site, suggestive of an mRNA binding cleft ( Figure 1E and F) . Similar, albeit less prominent, basic clefts are observed on CNOT6L and PDE12 structures (Supplementary Figure S3E) . We also observed a sulphate anion from the buffer bound in the basic cleft of NOCT, adjacent to the active site, via a hydrogen bond to Lys219, potentially mimicking binding of the phosphodiester backbone of RNA ( Figure 1C and E) . ConSurf analysis indicated that the most conserved residues cluster in the predicted active site and extend into the basic cleft, indicating that the residues located in these regions likely serve important functional roles ( Figure 1G and Supplementary Figure S3F ) (38) (39) (40) (41) . In summary, the NOCT structure illustrates a conserved globular domain with predicted active site residues and divalent metal ion cofactors located adjacent to a basic cleft, consistent with its proposed function as a ribonuclease.
Biochemical analysis of NOCT catalytic activity
We next sought to characterize the putative RNA degradation activity of NOCT. To obtain highly purified recombinant enzyme, we isolated NOCT 64-431 using a stringent, multistep protocol (described in the 'Materials and Methods' section). As positive and negative controls for RNA degradation, we purified the well-characterized human deadenylase CNOT6L 158-555 and a catalytically inactive CNOT6L 158-555 E240A mutant using the same expression and purification procedure (5) . Because mouse and Xenopus NOCT proteins were previously reported to degrade poly(A), we first measured the activities of WT NOCT against a poly(A) 20 RNA substrate in CNOT6L buffer (13, 27) . Our data show that WT NOCT 64-431 did not degrade the poly(A) 20 RNA, whereas WT CNOT6L readily degraded this substrate ( Figure 2 ). As expected, the CNOT6L E240A catalytic mutant was inactive toward this RNA, and chelation of Mg 2+ with EDTA inhibited WT CNOT6L, consistent with prior studies (5) .
We considered that the reaction conditions may be suboptimal for human NOCT, and thus explored the effects of divalent and monovalent ions. Figure S4A-D) . To examine whether NOCT requires longer RNA substrates, or if NOCT has RNA endonuclease activity, we tested a long ∼1100 nt RNA substrate containing the Renilla Luciferase ORF with a short 3 UTR and a 60 nt poly(A) tail; NOCT was unable to degrade this RNA (Supplementary Figure S4E) . Because NOCT is a member of the EEP superfamily which includes enzymes that hydrolyze a wide range of phosphorylated substrates, we also screened a diverse collection of potential alternative substrates including dsDNA, ssDNA and an array of phosphorylated signaling molecules, nucleotides, lipids and carbohydrates to test for potential deoxyribonuclease and phosphatase activities (52) . NOCT did not display activity toward any of these nucleic acids or phosphorylated molecules (Supplementary Figure S4F -G and Table S3 ).
These results seemingly contradict previous reports that recombinant mouse and Xenopus NOCT proteins could degrade poly(A) substrates in vitro (13, 27) . It is noteworthy that those proteins were partially purified using a single affinity step under low-stringency purification conditions. In our experience, such strategies are prone to bacterial ribonuclease contamination. Indeed, we found that singlestep purified NOCT had such contaminants under some purification conditions (data not shown). We also considered the potential for species-specific differences in NOCT activity; therefore, we compared the activities of human NOCT (NOCT) and murine NOCT (mNOCT) purified under our multi-step, stringent conditions. Mouse NOCT was additionally purified using a single step with stringent conditions that include a high salt wash, which can reduce or eliminate contaminating activity ( Supplementary Figures S1E and S4H ). After testing a broad range of conditions, neither human NOCT nor mouse NOCT had detectible enzymatic activity in comparison to CNOT6L (Supplementary Figure S4H ). We additionally assayed NOCT and mNOCT activity in two reaction buffers (mNOCT and xNOCT buffers) that were previously reported to support activity of mNOCT or Xenopus NOCT (13, 27) . It is noteworthy that the reaction conditions previously employed for measuring mouse or Xenopus NOCT activity contained either very low ionic strength or sub-physiological Mg Figure S4A -F, or previously used to characterize catalytic activity of human CNOT6L and PDE12 (5, 6, 53) . We did not observe deadenylase activity of the stringently purified NOCT or mNOCT in these conditions, whereas CNOT6L, but not mutant CNOT6L, could degrade the poly(A) RNA (Supplementary Figures S1E and  S4H ). We conclude that purified recombinant human or mouse NOCT do not exhibit deadenylase activity under these conditions. Importantly, our purification strategy is fully compatible with deadenylase activity, as shown by the activity of CNOT6L enzyme purified in an identical manner ( Figure  2) . A caveat of our approach is that in order to obtain soluble NOCT protein, we had to truncate the N-terminal 63 amino acids. It is noteworthy that similar NOCT protein isoforms starting at the equivalent position to Met67, are annotated in the GenBank database. The N-terminal 120 amino acids of NOCT are predicted to be disordered according to GlobPlot analysis and are unlikely to contribute to catalytic function (48) . Moreover, NOCT contains the entire EEP domain, is functional in cells (see below) and similar truncations in other CCR4-family members, such as CNOT6L, remain catalytically active (5, 6) . Thus, our results indicate that NOCT protein does not display RNA degrading activity on its own. We speculated that NOCT activity might require other currently unidentified cofactors, such as protein partners and/or certain post-translational modifications. Although the enzymatic function of NOCT in cells remained largely unexplored, we hypothesized that such cofactors and/or modifications would be present in vivo and therefore devised an assay to measure NOCT function in this context.
NOCT represses translation and causes degradation of reporter mRNAs in vivo
We examined whether NOCT could repress gene expression in cells. Natural direct target mRNAs of NOCT have not been identified to date; therefore, we employed a tethered function assay to measure NOCT's ability to regulate translation and stability of a NanoLuc Luciferase (NLuc) reporter mRNA in cells (54) (55) (56) . This reporter, NLuc 4xMS2BS p(A), has a 3 UTR bearing four binding sites for the MS2 coat protein followed by a cleavage and polyadenylation site. We used HEK293 cells, which do not express detectable endogenous NOCT protein (data not shown). A Firefly Luciferase plasmid (ffLuc) was cotransfected and served as an internal control in all assays. A plasmid that expressed WT NOCT fused to MS2 coat protein (MS2-NOCT) was co-transfected with the Luciferase constructs into the cells and its effect on reporter expression was measured relative to a negative control protein, MS2 fused to HaloTag (MS2-HT). MS2-NOCT reproducibly re- pressed reporter expression by 2.7-to 3.0-fold (Figures 3  and 4) . Likewise, a positive control fusion of MS2-HT to the deadenylase CNOT7 (MS2-HT-CNOT7) repressed the reporter, consistent with its well-documented ability to repress translation and deadenylate mRNA (57) (58) (59) . We then compared the activities of the truncated MS2-NOCT to MS2-NOCT in the tethered function assay. Repression of reporter expression by NOCT and NOCT was comparable, indicating that the truncation of the Nterminus does not negatively affect NOCT activity ( Figure  3 ). This direct assay provides evidence that NOCT can repress gene expression when directed to an mRNA in vivo. Next, we assessed the regulatory role of NOCT active site residues in translational repression by individually mutating Glu195, Asn149, His286, Asp324, Asn326, Asp377 and His414 to alanine in the MS2-NOCT construct. We also created a His414 to asparagine mutant, which is more likely to preserve hydrogen-bonding interactions of His414 within the active site. Mutation of His414 (H414A and H414N) , as well as N149A and E377A reduced NOCT-mediated repression of the reporter ( Figure 4A and B) . In contrast, the H286A, E324A and N326A substitutions did not appreciably affect NOCT-mediated repression, whereas the E195A mutation slightly enhanced repression activity. Interestingly, the E195A mutation is analogous to the murine E193A mutant that was previously reported to inactivate partially purified, recombinant mouse NOCT (27) . The differences in the ability of NOCT to repress reporter mRNAs following mutagenesis of various active site residues cannot be attributed to differences in expression of the NOCT fusion proteins, as all constructs were well-expressed, and slight differences among expression levels of the mutant proteins do not correlate with differences in reporter expression ( Figure 4C ). Together, our observations indicate that NOCT possesses the ability to repress protein expression when directed to a specific mRNA, and that this repressive activity is dependent at least in part on specific conserved active site residues.
Given the relationship of NOCT to CCR4-type 3 exoribonucleases, we next explored the effect of the 3 end of the reporter mRNA on repression. To facilitate this analysis, we compared NOCT-mediated repression of a NLuc 4xMS2BS reporter terminating with a poly(A) tail to a similar reporter terminating with a MALAT1 triple-helical structure. The MALAT1 3 end is processed by RNase P, and does not undergo canonical cleavage and polyadenylation (60) . Instead, a short, encoded poly(A) sequence is incorporated into a triple helix structure (61) . As expected, WT NOCT repressed the poly(A) reporter, as did the positive control CNOT7 ( Figure 4D ). In contrast, the NOCT H414A mutant exhibited reduced activity toward the poly(A) reporter compared to the WT enzyme. Strikingly, NOCT did not have any substantial activity toward the MALAT1 reporter, suggesting that the mechanism of repression is dependent on either poly(A) and/or the accessibility of the 3 end ( Figure 4D ). Tethered CNOT7 retained partial inhibitory function on the MALAT1 reporter, consistent with the ability of the CNOT complex to cause translational repression and promote 5 decapping and decay (62) (63) (64) . Taken together, these observations indicate that NOCT acts at the 3 end of the mRNA, consistent with CCR4-type exoribonucleases, and unlike CNOT7, does not appear to recruit 5 -directed decay factors or endonucleases to target mRNAs.
We subsequently analyzed the effect of NOCT on NLuc 4xMS2BS p(A) reporter mRNA levels using northern blot analysis to determine whether NOCT-mediated repression occurs through inhibition of translation, enhanced RNA decay or a combination of both mechanisms (Supplementary Figure S5A and B). Relative to the MS2-HT control, tethered MS2-NOCT reduced the reporter mRNA levels by 2.2-fold ( Figure 5A ; Supplementary Figure S5A and B). In contrast, based on our statistical criteria, the NOCT active site mutants did not significantly reduce reporter mRNA levels relative to the MS2-HT negative control, suggesting that the mutations compromised their ability to degrade Resulting levels of NLuc RNA relative to the MS2-HT control were measured by northern blot analysis. WT NOCT reduced the steady state levels of the NLuc reporter RNA. Mutating the NOCT active site residues to alanine appeared to reduce degredation; however, the width of the credible intervals precludes a firm conclusion as to whether or not there is residual activity relative to HT. (B) As in panel (A), but with data shown relative to WT NOCT. The data suggest that all tested mutations reduce activity relative to WT, although only the H414A and N326A mutations showed strong evidence of loss of activity. (C) As in A and B, showing mRNA levels of the indicated reporter. MS2-NOCT reduced the steady state levels of NLuc 4xMS2BS p(A) but not 4xMS2BS MALAT1. Statistical significance is denoted as previously described in Figure 3 . the mRNA ( Figure 5A ). However, when compared to WT NOCT, loss of activity could only be firmly established for the H414A mutant ( Figure 5B and C) . The other active site mutants showed some evidence of impaired activity relative to WT NOCT, but measurement noise precludes a firm conclusion on their relative activity compared with both HT and WT NOCT. Nevertheless, these data (particularly regarding the H414A mutant) indicate that the catalytic site of NOCT contributes to RNA decay in vivo. We also tested the ability of tethered NOCT to reduce levels of the NLuc 4xMS2BS 3 MALAT1 mRNA and observed that NOCT was incapable of degrading the RNA, consistent with its inability to translationally repress the MALAT1 reporter ( Figure 5C ). The positive control MS2-HT-CNOT7 was capable of degrading the MALAT1 mRNA, albeit with reduced effectiveness compared to the poly(A) mRNA, consistent with CNOT-mediated RNA degradation and 5 decay. These observations indicate that NOCT-mediated repression involves mRNA degradation and is dependent on either the sequence and/or structure of the 3 end.
DISCUSSION
The results presented here contribute two major advances: (i) we describe the first crystal structure of the NOCT catalytic domain, illuminating a highly conserved active site and basic cleft that may mediate interactions with the phosphodiester backbone of RNA substrates. (ii) We demonstrate that NOCT can translationally repress and degrade an mRNA when directed to that transcript in vivo, providing initial evidence for post-transcriptional regulatory activity.
The NOCT catalytic domain exhibits sequence and structural homology with other CCR4-type EEP family members (e.g. the deadenylases CNOT6L and PDE12), including the identity and conformation of active site residues and the presence of magnesium ion cofactors. Accordingly, the structural homology supports a role for NOCT in RNA degradation, corroborated by the in vivo data demonstrating that NOCT reduces reporter levels. We also showed that this activity is dependent on key conserved active site residues ( Figure 5 ). Moreover, NOCT activity is also dependent on the sequence and/or structure of the 3 end of the mRNA, as introduction of the MALAT1 structure blocks NOCT-mediated decay and translational repression. If NOCT acted through an endonucleolytic mechanism, then a 3 MALAT1 structure would not be expected to prevent RNA degradation and repression. While the structure and/or accessibility of the 3 end is crucial, the potential for 3 end sequence specificity of NOCT remains to be determined. Both the canonical poly-adenylated and MALAT1 reporter mRNAs terminate in adenosine residues, but the 3 end of MALAT1 is sequestered within a stable triple helix, suggesting that the MALAT1 structure prevents NOCT from accessing the reporter's 3 end (61) . It is noteworthy that our Northern blot analysis did not detect RNA decay intermediates. At this time, we cannot rule out that NOCT works in concert with other ribonucleases to promote mRNA decay. For instance, NOCT may deadenylate mRNA targets before another enzyme, such as the exosome, degrades the remainder of the RNA message (65).
NOCT is most similar to the poly(A) specific CNOT6L, a well-documented CCR4-type deadenylase, but the precise determinants of deadenylase poly(A) specificity remain incompletely understood. Structural and functional studies of CNOT6L have provided some clues regarding this specificity and 3 -exoribonuclease mechanism (5) . Mutational analysis of conserved actives site residues in CNOT6L demonstrated that alanine mutations of Glu240, Asp489 and His529 abolished deadenylase activity. In agreement with this finding, alanine substitutions of the NOCT residues corresponding to the latter two residues in NOCT, Asp377 and His414, to alanine diminished mRNA repression in the tethered function assay ( Figure 4A and B) . In addition, the NOCT H414A mutant reduced mRNA degradation in vivo relative to the WT enzyme, further illustrating the catalytic defects associated with this mutant ( Figure  5 ). Alignments of NOCT with the EEP enzymes CNOT6L, PDE12 and APE1 illustrate that the aspartate and histidine form a conserved pair that interact through side chainmediated hydrogen bonding (Supplementary Figure S3D ) (5, 6, 66) . The imidazolium cation of the histidine may promote active site binding of the reactive phosphate of the nucleic acid substrate through hydrogen bonding, as proposed for the catalytic mechanism of APE1 (66) . Interestingly, substitution of NOCT Glu195 with alanine does not significantly alter mRNA repression or degradation in vivo (Figures 4 and 5) , in contrast to the corresponding E240A mutant in CNOT6L that abolishes deadenylase activity ( Figure  2 ) (5). In CNOT6L and NOCT structures, the carboxylate groups of these glutamates coordinate Mg 2+ ions (Supplementary Figure S3A ). Coordination of these Mg 2+ ions mediates the binding of poly(A) DNA, a nonreactive substrate analog, to CNOT6L, consistent with the catalytic defect observed with the CNOT6L E240A mutant. The observation that the analogous E195A mutant does not significantly hinder NOCT activity or function in vivo suggests that the enzyme may employ an alternate RNA-binding mode. Further structural and functional studies of NOCT and related CCR4-type deadenylases are required to fully elucidate the functions of the conserved active site residues in RNA substrate binding and catalysis.
Our biochemical assays indicated that recombinant purified NOCT did not degrade RNA substrates in vitro. The truncation of NOCT's N-terminus (residues 1-63) is unlikely to account for this lack of catalytic activity as the truncated protein has a fully formed catalytic domain that was equally active in repressing RNA in vivo (Figure 3) . Moreover, similar truncations of yeast CCR4 and human CNOT6L and PDE12 are active in vitro (this study and (5, 6, 42) ). To date, our attempts to detect binding of recombinant purified NOCT to poly(A) RNA have been negative. Based on these observations, we posit that NOCT requires one or more unidentified protein partners to be active. Such a partner may facilitate substrate binding, such as an RNAbinding protein that would direct NOCT to target mRNAs, thereby regulating its substrate specificity. Precedent for this idea is exemplified by the Pan2 deadenylase, which is inactive without its RNA-binding protein partner, Pan3 (67, 68) . The tethered function assay used in this study may bypass the necessity of such a partner. Additionally, it cannot be ruled out that NOCT binds to mRNAs by recognizing spe-cific sequence motifs or three-dimensional RNA structures. At last, it is conceivable that NOCT activity may require post-translational modifications, which would be absent in the recombinant protein expressed in bacteria.
The CCR4-NOT deadenylase complex is a multiple subunit, multifunctional repressive complex that causes mRNA deadenylation, 5 decay and translational repression (62, 64, (69) (70) (71) . Our data suggest that NOCT may function in both translational repression and mRNA decay, functioning similarly to other described deadenylases. First, the H414A mutation diminishes NOCT-mediated decay of poly(A) reporter mRNA, indicating that its exoribonuclease function is important, yet this same mutant retains some translational repression activity (Figure 4) . The translational repression activity of H414A is reduced relative to WT NOCT, suggesting that a combination of exonuclease activity and additional activity acts on polyadenylated target mRNAs. At this time, we cannot definitively discriminate the contributions of these mechanisms. Second, NOCT-mediated mRNA decay and translational repression activities are abrogated on the MALAT1 reporter, suggesting that both activities of NOCT are dependent on its ability to antagonize 3 poly(A) and PABP function. The effect of NOCT on MALAT1 contrasts with that of CNOT7, which retains some of its inhibitory activity toward the MALAT1 mRNA, reflecting its previously described 5 cap-dependent translational repression and mRNA decay mechanisms (62) (63) (64) .
We expect that the insights into NOCT structure and function reported here will enhance understanding of its regulatory roles in lipid metabolism, adipogenesis, osteogenesis and circadian biology. Currently, all physiological NOCT studies have been performed in mice, and the regulatory roles of human NOCT remain to be explored. The high degree of conservation between human and murine NOCT (91% sequence identity) suggests that the enzymes are likely to have comparable regulatory functions. Murine NOCT is expressed in multiple tissues and its expression is influenced by feeding behavior, dietary fat intake and the circadian clock (16, 19, 27, 29, 72) . How human NOCT is expressed and regulated remains unexplored. A crucial challenge is to identify the natural mRNAs that are bound and regulated by NOCT. Our findings indicate that NOCT-regulated mRNAs will have reduced levels and shorter half-lives. Consequently, these RNAs are unlikely to accumulate as deadenylated intermediates, which could explain difficulties in identifying direct NOCT targets by surveying increased poly(A) tail length in NOCT-deficient mice (73) . NOCT repression is manifested in reduced protein expression from a target mRNA; therefore, quantitative proteomics approaches may also facilitate identification of its regulatory impact on natural target mRNAs. Such approaches, conducted in physiologically relevant tissues and cell types, will be necessary to discover the post-transcriptional regulatory networks that underlie NOCT's important physiological functions.
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